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A method for non-matrix corrected organic sulfur analysis by energy dispersive X-ray spectroscopy has been developed
using petroleum coke standards.

This technique capitalizes

on the fact that when a substance is excited by an electron
beam it will emit photons of electromagnetic radiation in the
X-ray range.

The emitted X-rays are characteristic of the

excited elements in the substance.

Typically, electron beam

microanalysis is a rapid, nondestructive analytical technique
to quantitatively measure organic sulfur in coal.

The results

show good correlation to ASTM values for numerous well characterized bituminous coals with a wide range in total and
pyritic sulfur content.

This direct alalysis is capable of

reducing error commonly associated with the present ASTM
method which relies on an indirect measure of organic sulfur
by difference.

The precision of the organic sulfur values

is comparable to that obtained by ZAF matrix corrected microanalysis.
The energy dispersive microanalysis is capable of measuring micro as well as bulk organic sulfur levels.

The direct

technique was used to measure micro-variations of organic
sulfur in specific coal macerals and in ASTM Gieseler plastometry coal residues.

INTRODUCTION

Quantitative differentiation between forms of sulfur in
coal (organic, pyritic, and sulfate) is of practical importance to a number of process applications including coal
cleaning and limiting SOx emissions.

The American Society

for Testing and Materials (ASTM) has developed standard
wet chemical procedures for measuring the total sulfur content in coal and its distribution among these three forms.
Pyritic and sulfate sulfur are distinct inorganic constituents
of coal, while organic sulfur refers to sulfur which is
intimately bound up in the coal matrix.

The ASTM method for

the determination of organic sulfur involves the measurement
of the pyritic and sulfate sulfur concentrations which are
subtracted from a total sulfur measurement to arrive at an
organic sulfur value.

This indirect method of organic sulfur

determination leads to cumulative inaccuracies arising from
errors inherent in the measurements of the total, pyritic,
and sulfate sulfur contents.

For example, the incomplete

removal of pyrite would result in an overestimated organic
sulfur value.
Direct analytical methods for measuring organic sulfur
in coal by the use of electron beam microanalysis are being
examined to overcome these inaccuracies.

These direct tech-

niques, as well as the method described in this thesis, offer

several advantages over tne AST M indirect method which
include error reduction, short analysis time, small sample
requirement, and nondestructive analysis.

The goal of this

work has been to develop a direct quantitative technique for
measuring organic sulfur by utilizing a scanning electron
microscope equipped with an energy dispersive X-ray spectrometer.

Samples are prepared as polished epoxy-bound

pellets and coated with carbon to provide a conductive layer.
A highly focused electron beam is used to excite small volumes
at a number of analysis locations on the surface of the specimens.

An energy dispersive spectrometer measures resulting

emitted X-rays which are characteristic of the excited elements.

Spectra containing above background noise levels of

inorganic elements are assumed to indicate contamination by
mineral matter and are rejected.

The collected sulfur X-ray

intensities are averaged to obtain a mean value and converted
to concentration values by comparison to the sulfur X-ray
intensities of several petroleum coke standards of known composition.

A matrix correction factor is not applied to the

data because the matrices of the standards are essentially the
same as that of coal.
In addition to bulk organic sulfur determination, this
work has examined the applicability of the electron beam
technique to the analysis of organic sulfur variations on a
microscopic level.

The method was used to determine and com-

pare the organic sulfur content of specific coal macerals,
namely vitrinite and pseudovitrinite.

ASTM Gieseler plasto-

metry coal residues were examined by electron microanalysis

3
to evaluate the variation of bulk organic sulfur content
between raw coals and their residues and micro-variations
between regions of different fluidities in the individual
residues.

The extent of a correlation between the organic

s4lfur concentrations and 3ieseler maximum fluidity was
examined.

4

PROBLEM STATEMENT AND OBJECTIVE

The technique described utilizes non-matrix corrected
energy dispersive spectrometric (EDX) measurements of organic
sulfur X-rays obtained from scanning electron microanalyses
(SEM).

The approach was to attempt quantitative measurement

of organic sulfur in coal while adhering to certain criteria.
1. Establish repeatability of the data.
2. Observe the correlation of the bulk organic sulfur values from SEM/EDX analyses with those
obtained by ASTM analyses, making note of any
significant differences between the results
obtained from the two methods.
The SEM technique will not include a matrix correction
factor because the matrices of the standards, petroleum cokes,
are essentially the same as that of coal.

The bulk organic

sulfur measurements will be taken from the maceral banded
vitrinite (telocollinite).

Vitrinite is typically the pre-

dominant maceral and has been determined to contain an organic
sulfur content representative of the coal as a whole.

The

SEM/EDX method will be developed with several objectives in
mind.
1. Obtain accurate, quantitative measurements of
bulk organic sulfur which compare favorably with
ASTM values for a number of coals with a wide
range in total and pyritic sulfur quantities.
2. Obtain precise organic sulfur values which compare with those derived by ZAF matrix corrected
electron microanalysis.

3. Perform the sample analyses in a considerably
shorter length of time than as required for ;he
indirect ASTM method (3-10 hours).
4. Determine the micro-variation of organic sulfur
concentrations between the macerals vitrinite
and pseudovitrinite.

5. Examine the variations of the bulk organic sulfur content between raw coals and their residues
from ASTM Gieseler plastometry analyses.
6. Determine the micro-variation of sulfur levels
within particles of different flow in the plastometry residues.

BACKGROUND

ASTM Method :f Determining Organic Sulfur
The currently accepted standard procedures for determining the forms of sulfur in coal are described in the ASTM
Standard Test Methods D-3177 (Total Sulfur in tne Analysis
Sample of Coal and Coke) and D-2494 (Forms of Sulfur in
(1)
Coal).

It is necessary to perform these two separate

tests in order to determine the organic sulfur content.
In the Standard Method D-3177 three alternative procedures are given for the determination of total sulfur content
in coal and coke samples.

All three determinations involve

initially oxidizing the sulfur by combusting the coal sample.
The techniques vary in the manner in which the oxidation is
carried out and the method by which the sulfur is subsequently
bound to a reaction product.

In the Eschka Method and the

Bomb Washing Method, the sulfur is precipitated out as barium
sulfate

addition of barium chloride.
)
(BaS°4 by the

In the

High-Temperature Combustion Method, the sulfur is measured
as sulfuric acid (H2SO4).

Depending on the procedure employed,

the total sulfur can be determined in a minimum of .5 to 10
hours.

The Eschka Method is used in the calculation of organic

sulfur and requires the longest analysis time (9 to 10 hours).
In the Standard Method D-2492 the forms of sulfur are
determined as sulfate, pyritic, and organic.

The sulfate
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sulfur is leached out of a 2 to 5 gram 60 mesh coal sample
(100% of sample will pass through a 60 mesh screen or a particle size of 250 pm) by adding 53 milliliters of hydrochloric
acid (2 volumes concentrated hydrochloric acid + 3 volumes
water) and boiling gently for 30 minutes.

Presumably, this

step also removes all iron compounds, excluding pyrite and
marcasite (FeS.
)), which are subsequently precipitated out of
the leachant as ferric hydroxide by the addition of concentrated ammonium hydroxide.

After filtering, the sulfate

sulfur is precipitated from the filtrate as barium sulfate
after adjusting the acidity, heating, and adding barium
chloride.

The solid is filtered, washed free from chlorides,

weighed, and adjusted for stoichiometry to determine the
sulfate sulfur content in the coal sample.

A minimum of

about 6 to 7 hours is required for the sulfate sulfur analysis.
The extracted residue from the sulfate sulfur determination is leached with 50 milliliters of nitric acid (1 volume
concentrated nitric acid + 7 volumes water) to remove pyritic
sulfur.

This solution boils gently for 30 minutes or is left

standing overnight at room temperature to ensure complete
extraction.

Any organic salts dissolved in the extracted

solution are oxidized by the addition of 2 milliliters of 30%
hydrogen peroxide solution.

The iron is precipitated out as

ferric hydroxide (Fe(OH)3) by the addition of concentrated
ammonium hydroxide.

The iron hydroxide precipitate is dis-

solved in hot hydrochloric acid and prepared for an iron
determination by titration or atomic absorption techniques.
The titration can be carried out with potassium permanganate,

S
potassium dichromate, or ceric sulfate.

The iron valu

obtained is multiplied by 1.148 to stoichiometrically convert
to the weight of sulfur in pyritic form (FeS ).
2

The analysis

time for pyritic sulfur is approximately 3 to LI hours.
According to method D-2492, the organic sulfur content
is obtained by subtracting the sum of the sulfate and pyritic
sulfur quantities from the total sulfur as determined by the
Eschka method.

Any error incurred in the measurement of the

total, sulfate, or pyritic sulfur quantities will result in
erroneous values for organic sulfur.

For example, an incom-

plete extraction of sulfate sulfur by hydrochloric acid would
show up as an overestimation of organic sulfur.

Likewise,

the incomplete removal of pyritic sulfur by nitric acid
leaching will cause an underestimation of pyritic sulfur content leading to an overestimated organic sulfur value.

This

problem has been examined by several researchers including
Greer

(2,3)

(6)
Jacobs.

(4)

Edwards et al.,

Mayland,(5) and Levinson and

('
2
Greer ` ' has illustrated the problem with scan-

ning electron micrographs of unleached pyrite crystals
present in coals that had previously been analyzed by the
ASTM procedure for forms of sulfur.

Greer commented that

fine-grained pyrite may be easily enclosed in the organic
matrix of the coal and, thus, become impervious to the nitric
acid extraction step.

(4)
Edwards et al.
suggested that the

insufficient penetration of nitric acid could be largely
overcome by reducing the particle size of the sample to at
least 53 pm.

The present ASTM method specifies a particle

size of 250 pm or 60 mesh.

However, results reported by

9
1ay1and(5) on very high rank coals indicate that micropyrite
particles remain unattacked by nitric acid for samples with
a particle size of 53 pm.
Greer(3) has also reported that X-ray diffraction techniques detected the presence of 0.1 to 0.2% pyritic sulfur
in some nitric acid extracted coal residues.

(6)

Jacobs

Levinson and

have reported similar findings with Mossbauer

spectroscopy.

They also indicated that the hydrochloric acid

leaching step may remove as much as 20% of the pyritic sulfur
which, again, results in an underestimation of pyritic sulfur and will lead to a false value for the organic sulfur.
A method to directly measure organic sulfur in the coal
sample could avoid these sources of error by eliminating the
need to remove the pyritic and sulfate sulfur.

A direct

measurement of organic sulfur would also be advantageous i2
analysis time could be substantially reduced.
Theory of the Direct Technique
Upon excitation by an electron beam, a substance will
emit photons of electromagnetic radiation in the X-ray range.
Moseley(7) was the first to discover in 1913 that emitted
X-rays possess an energy (wavelength) that is a function of
the atomic number and,thus, characteristic of the excited
element.

This fact lead to the development of X-ray spec-

trochemical techniques to determine chemical composition.
(8)

In 1949 Castaing and Guinier

reported the use of an elec-

trostatically focused electron beam to excite a specimen and
produce characteristic X-rays which were then measured by an
X-ray spectrometer.
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Today instruments are capable of performing qualitative and
quantitative elemental analysis by measuring emitted X-radiation.

These instruments rely on a finely focused electron

beam of constant current to excite a small volume at the
surface of a polished specimen.

The size of the excited

volume depends on the electron accelerating voltage, which is
generally 15 to 20 keV,and the specimen's characteristics
(e.g. average atomic number).

Elements present in the speci-

men will emit X-rays of characteristic wavelength which can
be monitored by either a wavelength dispersive or an energy
dispersive spectrometer.

Both spectrometers produce the same

spectral data of intensity (counts/unit of time) versus
either tho wavelength or energy of the X-rays.
The wavelength or diffractive X-ray spectrometer differentiates emitted X-rays by their diffraction from a curved
crystal into a gas proportional detector.

Thus, only a nar-

row range of wavelengths can be monitored at one time.

The

energy dispersive spectrometer is capable cf analyzing a wide
range (2 to 20 keV) of X-ray photons at one time by the use
of a lithium-drifted silicon crystal semiconductor-detector
In conjunction with amplifiers and a multichannel analyzer.
When X-ray photons enter the detector a current is created
which is proportional to the energy of the incident photon.
An applied potential causes the characteristic currents to
drift to an amplifier which sends pulses to a multichannel
analyzer equipped with a memory, ultimately resulting in a
spectrum of X-ray intensity as a function of energy.
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The resulting spectra from these two types of spectrometevL;
contain X-ray peak heights approximately proportional to the
quantity of each corresponding elerent in the sample.

For

quantitative analysis the quality of standards is very important because of matrix or ZAF effects (Z=atomic number,
A=absorption, and F=fluorescence).

These matrix effects alter

observed X-ray intensities and include specimen X-ray absorption, secondary X-ray fluorescence from atoms excited by
absorbed X-rays, electron backscattering, and electron stopping power all of which are functionsof sample composition
and structure.

Computers may be used to calculate and correct

for these effects by data reduction algorithms, commonly
referred to as ZAF matrix correction programs.

Because of

these matrix effects, the ideal standard possesses a composition and structure very similar to the sample.

If so, the

concentration (C) of an unknown element can be determined by
directly comparing the X-ray intensities (I) of the standard (s) with a known concentration and the unknown element
C /C

S

= I /1
u s

Related Work
There have been several reported direct analytical
methods for measuring organic sulfur in coal by the use of
electron beam microanalysis.

All of these efforts have sought

to develop a technique that would derive organic sulfur values
that correlate well with ASTM determined values, but at the
same time overcome the inaccuracies and lengthy analysis time
associated with the ASTM method.

Direct techniques have been

reported by Sutherland,(10) Solomon and Manzione,(11)
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Harris et al.,

(14)
Straszheim,(15)
Raymond and Cooley,

(16)
and Maijgren et al.

Although each of these methods

employ standard microchemical techniques, they vary in their
approach to sample preparation, analysis configuration, and
data treatment.
(10)
In 1974, Sutherland
proposed that the electron microprobe be used to directly measure organic sulfur as an alternative to the indirect ASTM method.

Sutherland examined two

Canadian coals with total sulfur values of 1.5 to 3.0%, most
of which was pyritic sulfur.

Before microanalysis, the coals

were treated to remove all sulfates and most pyrite, so that
the organic sulfur composed 80% of the total remaining sulfur.
This was done in order to reduce errors in the comparative
ASTM analyses of these coals.

Polished sections were ana-

lyzed with an electron microprobe to collect 100 pairs of
sulfur and iron intensities for each coal.

Any sample ana-

lysis which exhibited higher than background levels of iron
were assumed to indicate pyrite contamination and,therefore,
were excluded.

Average organic sulfur contents were obtained

by direct comparison with a pyrite standard.

Data were

adjusted with a matrix correction factor which was derived
from a light, pyrite-free fraction of coal.

The microprobe

results exhibited good correlation with the ASTM values for
the two samples tested.
The initial standardization necessary to obtain the
correction factor proved to be time-consuming; but once
derived, Sutherland suggested that the analysis time for
organic sulfur could be less than one hour.

Because of the
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limited number of samples tested and their narrow range of
organic sulfur content, this work was a preliminary, yet
significant effort in the use of electron microanalysis for
direct organic sulfur determination.
(11)
used scanning electron microSolomon and Manzione
probe analysis with a pyrite-powder (325 mesh) standard to
determine the organic sulfur concentrations as well as the
iron sulfide stoichiometry in coals and chars.
time was estimated

Analysis

1* approximately 10 minutes on 100 mesh

sample pellets rendered conductive with an aluminum substrate
and a thin layer (100 rim) of gold-palladium coating.

Sulfur

and iron X-ray intensities from 100 analysis locations were
measured by two spectrometers.
The premise for separating contributions from the various forms of sulfur was to examine the differences in spatial
distributions of mineral sulfur (clustered distribution) and
organic sulfur (relatively uniform distribution).

It was

assumed that some mineral sulfur would be present in each
region scanned
point to point.

and that the concentration would vary from
For each sample, the 100 measured sulfur

intensities were plotted as a function of the iron intensities
where the y-intercept (no iron present) represented the organic sulfur concentration.

The slope of the least-squares

fit line represented the change in sulfur content with change
in iron content and gave information on the iron sulfide
stoichiometry.

Solomon and Manzione reported a significant

decrease in the ratio of sulfur to iron in sulfide present
in the chars analyzed.

The stoichiometry changed from FeS2.0

114
(pyrite) to FeS1.2.

Information on the sulfide particle-

size distribution was necessary in order to determine the
pyrite concentration.
The use of two spectrometers lead to problems due to the
roughness of the sample surface.

The uneven surface resulted

in unequal take-off angles of the iron and sulfur X-rays to
the two spectrometers which manifested itself as scatter in
tne data.

In addition, this technique proved to be difficult

for coals containing a substantial amount of iron lacJt
associated with sulfur.
(12)
combined coal petrography
Harris, Yust, and Crouse
with microprobe analysis to directly determine organic sulfur
and pyritic sulfur concentrations as well as the distribution
of the organic sulfur among the various coal macerals.

The

sulfur values were determined from carbon coated polished
samples using a wavelength dispersive spectrometer.

The sul-

fur intensities were measured at a number of analysis locations
from pyrite and from each of the three main macerals: vitrinite, exinite, and inertinite.

The use of a light microscope

attachment assured accurate identification of the macerals
and minerals chosen for study.

The measured sulfur intensi-

ties were corrected for background intensities and compared
to a sulfur standard.

Due to the lack of any matrix correc-

tion factor, the results were semi-quantitative.
The volume fraction of pyrite and of each maceral was
determined by standard petrographic analysis and converted
to weight fractions by multiplying the volume fractions by
the proper density values.

By multiplication, these weight
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fractions were used to convert the measured sulfur X-ray
intensities (counts/second) from the microprobe analysis to
the representative proportions of the total sulfur concentration found in pyrite and in each of the macerals.

The

ratio of the sulfur X-ray intensities from each maceral to
the X-ray intensity obtained from a sulfur standard gave the
weight parcentage of sulfur in each maceral.

The semi-

quantitative sulfur values from microprobe analysi

compared

favorably to the ASTM values for the two coals examined.

The

authors found that the distribution of organic sulfur in the
individual macerals consistently followed the relationship:
S(exinite) > S(vitrinite) > S(inertinite)
(14)
have performed extensive microRaymond and goo1ey
probe studies using wavelength dispersive X-ray spectrometry
on carbon coated polished coal samples.

Because the total

organic sulfur content usually ranges only from 0.2 to 2.3%,
they questioned the validity of using pyrite or elemental
sulfur as standards.

As a result of the findings by Harris

et al.(12) that the organic sulfur content varies between
macerals, Raymond and 3oo1ey also questioned the techniques
(11)
in which the
of Suther1and(10) and Solomon and Manzione
organic sulfur was considered to be uniformly distributed
throughout the coal sample.

To address these two ambiguities

a carbon bead standard with 4.1% sulfur was developed, and the
organic sulfur content was individually measured in each
maceral.

The use of a standard with a composition closelj

resembling that of the organic portion of coal essentially
eliminated the need for a matrix correction.
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The 20 mesh coal samples were prepared as epoxy-bound
A wavelength dis-

polished pellets and coated with carbon.

persive spectrometer was used to measure sulfur and iron
X-rays while an energy dispersive spectrometer monitored
other elements which might indicate the presence of sulfides
or sulfate minerals.

Any sample analysis with above back-

ground levels of iron was rejected.

Photomosaics were used

for maceral identification in which ten vitrinite particles
and five of each of the remaining macerals were chosen for
microanalysis.

The mean sulfur X-ray intensities for each

maceral were weighted by multiplying by the weight fraction
of that maceral in the dry coal.

The sum of the weighted

sulfur intensities represented the total organic sulfur on a
dry basis.

Using this technique, the microprobe results com-

pared very closely to the ASTM organic sulfur values only
for pyrite-free coal.

The authors concluded that the dis-

crepancy between the ASTI. and electron microanalysis organic
sulfur values for pyrite containing

was due to errors

in the ASTM analysis of pyritic sulfur attributable to unleached fine-grained pyrite particles.
A significant finding of the work

is that the organic

sulfur content of the maceral vitrinite is representative of
the total organic sulfur content in all of the macerals.
They explained this by the fact that vitrinite is typically
the predominant maceral (60 wt% on the average for the coals
they examined) and the vitrinite sulfur content is generally
intermediate to the other two major macerals, exinite and
(12)
inertinite, as found by Harris et al.
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Straszheim(15) demonstrated electron microprobe analysis
combined with energy dispersive X-ray spectrometry to be a
viable means to directly measure the organic sulfur concentrations in raw coals and chemically desulfurized coals.
The processed coals were subject to oxydesulfurization which
involved leaching the coal with a mild alkaline solution of
sodium carbonate while being stirred in an autoclave under
oxygen atmosphere at moderate temperatures and pressures.
All of the samples were prepared as epoxy-bound polished
blocks and coated with carbon.

The maceral vitrinite was

analyzed to determine the total organi.:: sulfur content as
suggested by Raymond and Gooley

14)

Two analyses on each of

twelve vitrinite particles were performed for each sample.
Reflected light microscopy was used to identify vitrinite
particles for analysis.

Pyrite was chosen as a standard for

sulfur measurements while other elements including Fe, Ca,
Al, Si, and Cu were monitored with suitable standards.

All

results were adjusted with a ZAF matrix correction program.
Total analysis time was generally two hours per sample.
The organic sulfur values obtained by Straszheim's technique for the raw coals studied compared favorably with
reported ASTM values, especially for coals containing little
or no mineral sulfur.

Errors inherent in both methods were

blamed for discrepancies between values for coals with high
mineral matter content and high organic sulfur levels.

This

direct technique indicated substantially less desulfurization
than did the ASTM method for many of the processed coals.
The authors concluded by questioning the validity of using
the ASTM analysis to evaluate processed coals.

'
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(16)
have recently reported studies simiAaijgren et al.
(15)
on chemically cleaned coals in which
lar to Straszheim's
they demonstrated the applicability of this analytical technique to coals with origins outside North America.

The coals

studied were cleaned by molten-caustic leaching at atmospheric pressure under inert gas atmosphere at a series of
elevated temperatures (up to 370°C).

The cleaned coal samples

were prepared either as polished 60 mesh epoxy-bound pellets
or as polished 250 mesh pressed pellets.

The pressed pellet

method was especially useful when the chemical cleaning process made the coal too heterogeneous to be analyzed for total
organic sulfur by the conventional epoxy-bound method.
of the pellets were coated with carbon.

All

A scanning electron

microscope in conjunction with an energy dispersive X-ray
spectrometer was used rather than a microprobe since accurate
results could be obtained in a more rapid analysis time.
Sulfur analysis for each sample was carried out from fifteen
different vitrinite particles while other elements such as
Fe, Ca, K, Si, and Al were monitored.

Any analysis exhibi-

ting above background noise levels of these elements was
rejected.

A petroleum coke standard containing 3.56+0.04%

sulfur was used for the organic sulfur determination.

All

values were subject to a ZAP matrix correction program.
Organic sulfur values for the raw coals obtained by this
microanalysis method correlated well with ASTM values.
The results indicate that by choosing the correct process
parameters (time, temperature, and caustic composition) virtually all sulfur, including organic sulfur, and ash can be
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removed from the c,,a1 Ly caustic leaching.

A temperature

greater than 350°,7 wa.; necessary for total sulfur removal.
The authors found that at every temperature and caustic composition studied, the mineral sulfur was generally removed
more easily than the organic sulfur; and extended caustic
leaching was necessary to break up the maceral grains, thus
reducing particle size.

Their scanning electron microanaly-

sis technique proved to be useful in the evaluation of the
effectiveness of the cleaning process carried out under
various operating parameters and suggests that this technique
could be useful in studying the mechanism of the cleaning
process.
The selection of a suitable standard for organic sulfur
determination by electron beam microanalysis has been a major
problem among the techniques previously described.

Pyrite

has been used as a standard for organic sulfur in conjunction
(10,15,16)
with a matrix correction factor.

Raymond and

(14)
introduced spherical carbon beads, with a similar
Gooley
matrix to coal, as a standard but the results were in agreement with ASTM values only for relatively pyrite-free samples.
(1))
suggested the use of petroleum
Recently, Harris et al.
coke as a standard for electron microanalysis.

They empha-

sized that inorganic minerals such as pyrite are unsuitable
standards for this method because significant differences in
composition, structure, and density between organic and inorganic compounds create conflicting matrix effects.

The

petroleum coke suggested was derived from thermal treatment
of petroleum pitch.

Summarizing, the coke possesses a matrix
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similar to that of coal, contains a homogeneously distributed
organic sulfur content, and seems to be stable under an electron beam.

The use of petroleum coke standard would

theoretically eliminate the need for a complicated matrix
correction factor.

EXPERIMENTAL

Selection of Standards and Coal Samples
For this study, five petroleum cokes and one Solvent
Refined Coal (SRC-I) residue were analyzed to develop a calibration curve for the coal samples to be studied.

Four of

the petroleum cokes (given the denotation RN) were obtained
from the Great Lakes Research Corporation (Elizabethton, TN)
and one was purchased from LECO Corporation (St. Joseph, MI).
Each standard had a different organic sulfur content which
did not exhibit significant variability between different
particles when measured by electron microanalysis.

The sul-

fur values for the standards ranged from 0.65 to 4.80L
Table 1 gives a description of the standards with all the
available information on them.
Two sets of samples were examined, the first consisting
of seven well characterized Lower Kittaning coals from the
Pennsylvania State University Coal Bank (given the denotation
PSOC).

The majority of these seven coals were high-volatile

bituminous with a wide range in total and pyritic sulfur
levels.

The second set of samples consisted of nine high-

volatile bituminous coals from western Kentucky and southern
Indiana along with their residues from plastometry runs
(given the denotation KCER).

Again, these coals represent a

wide variation in total and pyritic sulfur content.

Table 2

describes the PSOC set of coal samples examined by SEM/EDX
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TABLE 2
COAL SAMPLES EXAMINED BY SEM/EDX ORGANIC SULFUR ANALYSIS

Coal Sample

Seam/State

Vitrinite Max.
Reflectance

gorms of Sulfur (dry,d wt%)
Organice
Pyriticc Sulfatic
Total

PSOC 1012

Lower Kittannin;7/FA

0.92

2.35

1.41

0.00

0.94

PSOC 1013

Lower Kittanning/PA

0.93

2.30

1.35

0.11

0.64

PSOC 1014

Lower Kittanning/PA

1.69

1.10

0.58

0.10

0.42

PSOC 1015

Lower Kittanning/PA

1.67

1.77

1.09

0.14

0.54

PSOC 1018

Lower Kittanning/PA

0.62

5.21

3.37

0.25

1.59

PSOC 1019

Lower Kittanning/PA

0.76

4.16

2.53

0.19

1.44

PSOC 1020

Lower Kittanning/PA

0.30

0.50

0.22

0.19

0.09

a
Vitrinite Maximum Reflectance Rank Divisions:
hvC/hvB=0.6(17), hvB/hvA=0.7(17), hvA/Med. Vol.=1.1(13), Med. Vol./Low Vol.=1.5(1:!)
(17) Hower et al., (1t) Davis
b,c,d,e

per ASTM analyses

analysis.

Table 3 summarizes the pertinent information on

the nine KCER coal samples.

In these two tables the coal

rank is given in terms of vitrininte maximum reflectance which,
similar to the calorific value, is a more specific indicator
of rank than the nominal ASTM groupings.

The rank divisions

defined in Tables 2 and 3 were determined by statistical
analysis of a large number of reflectances compared with the
calorific values for the same coals.

Preparation of Standards and Samples
All standards and samples were prepared as epoxy-bound
polished pellets which would be suitable for petrographic
analysis under oil-immersion optical microscopy.

Prior to

mounting in epoxy-resin, the standards were ground to 60 mesh
and the coal samples to 20 mesh.

The coal residues were

potted in the epoxy in the form of small coke "buttons."

The

pellets were subjected to a series of polishing steps involving two abrasives, initially using silicon carbide grit
paper and finishing with alumina slurry.

Each pellet was

ground with 400, 600, and 1200 grit paper which exposed cross
sections of the coal particles.

The intermediate polishing

step involved a 0.3 micron alumina-water slurry on a napless
synthetic cloth.

The final polishing was done with a 0.05

micron alumina-water slurry on silk.

The pellets were

cleaned in a sonicator, rinsed with deionized water, dried,
and stored in a desiccator.
The pellets were subsequently coated with carbon in a
vacuum evaporator to provide a conductive layer.

Carbon was

chosen rather than copper due to the diminished sensitivity

TABLE 3
COAL SAMPLES EXAMINED BY SEM/EDX ORGANIC SULFUR ANALYSIS

Coal Sample

Seam/State

Vnite Max.
Reflectance

Forms of Sulfur (dry,dwt%)
e
Organic
Sulfatic
Pyrtic
Total

KCER 9418

KY #11/#12/KY

0.58

4.06

2.05

0.09

1.91

KCER 9419

KY #11/#12/KY

0.58

4.06

2.22

0.11

1.72

KCER 8055

Indiana Lower Block/IN

0.64

1.42

0.80

0.02

0.59

KCER 9335

KY #9/KY

0.65

3.00

0.92

0.03

2.05

KCER 7708

Amos/KY

0.67

1.06

0.24

0.01

0.80

KCER 7701

Amos/KY

0.67

0.83

3.16

0.31

0.L5

KCER 7707

Amos/KY

0.70

0.80

0.15

0.02

0.62

KCER 9121

KY #9/KY

0.71

3.35

1.38

0.08

1.93

KCER 9127

KY #6/KY

0.73

2.91

1.45

0.10

1.35

avitrinite Maximum Reflectance Rank Divisions:
hvC/hvB = 0.6(17), hvB/hvA = 0.707), hvA/Med. Vol. = 1.1(13), Med. Vol./Low Vol. = 1.5(18)
Hower et al., (14 Davis

(17)

b,c,d,e

per ASTM analyses

2,
of X-ray detection characteristic of copper coating.

Copper

was considered because it is a better conductor of electrons
than carbon and easier to work with.

However, maximum sen-

sitivity was desirable in dealing with low concentrations of
organic sulfur (40.5%).

Therefore, carbon was used as the

conductive layer in spite of characteristic charging problems.

It was determined experimentally that the thickness

of the carbon layer over a range of approximately 200 to
0
500 A did not significantly affect the number of sulfur X-rays
measured.

Instrumentation
A Perkin Elmer Etec Omniscan scanning electron microscope (SEM) equipped with a PGT model XCEL 1000 energy
dispersive spectrometer (EDX) was employed for this study.
The EDX was used rather than a wavelength dispersive spectrometer because of its considerably more rapid set up and
analysis time and its expedient handling of spectra.

The

parameters selected for analysis by EDX were held essentially
constant for all standards and samples.
ditions are summarizea in Table 4.

These working con-

The beam current fluctuated

slightly with time due to instability of the electronics in
the system.

As the filament (electron source) ages and be-

comes thinner with time, the resistance begins to fluctuate.
The voltage regulators characteristic of the system are not
capable of compensating for this fluctuation in order to
maintain a constant beam current.

The use of a microprobe

would alleviate this problem since the voltage regulators
are more sophisticated with better feedback and control

2
TABLE 4

EDX ANALYSIS CONDITIONS
Beam Voltage
Working Distance
Tilt
X-Ray Takeoff Angle
Beam Current
Counting Time
per Spectrum
X-Ray Count Rate

through the filament.

20 keV
25.00 mm
00
19.3°
1.80 nA
100 s
2500 counts/s

For the study, it was necessary to

monitor the beam current by the use of a Faraday cup (see
Figure 1) which will be explained in the next section.

The

beam current was approximately 1.30 nanoamps which typically
resulted in a total X-ray count rate of about 2500 counts per
second.

Figure 1 is a schematic illustrating the analysis

configuration.

Analysis Location
Spectra of one hundred second counting time were collected
from approximately fifteen different points on each pellet by
using a spot mode while monitoring counts accumulated in the
sulfur window designated between 2220 and 2388 electron volts.
0
The spot mode focused the electron beam to an area about 100 A
in diameter which generated X-rays in approximately a one
micron size sphere.

The bulk organic sulfur values for the

coal samples were determined from SEM/EDX measurements taken
on randomly chosen banded vitrinite (telocollinite) particles.
Figure 2 is a micrograph illustrating a particle representative of the banded vitrinite maceral analyzed.

In some cases,

Faraday
Cup

el

:2 1

4*

.
"

s

Sample Holder
Sample Pellet

Coal
Particle

SIDE:

EDX
Detector

Electron
Beam

1

Faraday
Cup

i

NV/ Sample
Fellet
Samle
Hold r

Specimen Stage

Figure 1. SEIVEDX Analysis Configuration.

29

Figure 2. Micrograph illustrating a particle representative of the banded vitrinite maceral analyzed
to determine bulk organic sulfur levels.
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a light microscope in conjunction with photomicrographs was
used to preview the specimens and to identify particles for
SEVEDX examination.

The use of photomicrographs for par-

ticle identification purposes proved to be time-consuming
and tedious.

The addition of an optical attachment to the

SEVEDX combination would aid the examiner in identifying
particles of interest.
(19)
Using a t-statistic procedure, Raymond et al.
determined that 15 analyses per sample were sufficient to obtain
a maximum variability of 10% from the mean at a 95% confidence level.

Spectra containing peaks with substantial

count rates due to elements other than sulfur were rejected
and replaced with spectra exhibiting only a sulfur peak.
For example, spectra containing high calcium or iron peaks
were deleted to minimize the sulfate and pyritic sulfur contributions to the measurement of the organic sulfur.

Figure 3

Is a typical spectrum obtained from the PGT spectrometer
exhibiting only a sulfur peak at approximately 200 ev.

The

dotted line represents background noise which was subsequently subtracted out.

After each spectrum was background

subtracted, the integrated sulfur counts were normalized by
dividing by the corresponding beam current value.

The beam

current was determined by collecting the electron beam in a
Faraday cup and measuring the current with a Keithley Instruments model 417 high speed picoammeter.

The normalized

sulfur-count values for each sample were averaged to obtain
a mean.

Values outside a 95% confidence interval (+2 stan-

dard deviations) about that mean were rejected and the mean

ENERGY IN KEV
from the PGT Spectrometer.
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recalculated.

Due to small standard deviations about the

mean sulfur-count values, it was not necessary to reject more
than one or two, if any, outlier values per sample.

RESULTS AND DISCUSSION

Calibration Curve
The normalized sulfur-count values for each standard
consistently exhibited only minor point-to-point variation
when measured by the EDX spectrometer.

The extent of the

variations was found to be repeatable with time.

This

indicates repeataoility with an upper limit of error set by
a combination error inherent to the technique and the inhomogeneity of the standards.

A linear relationship exists

between the normalized sulfur-count values and the percent
organic sulfur.

The best-fit line through the standard data

points had a correlation coefficient of 0.998 and was used
to interpolate the coal sample SEM/EDX organic sulfur values.
Once the calibration curve was determined, a sample analysis
could be performed in approximately 30 minutes.
Bulk Organic Sulfur Determination
Figure 4 illustrates the linear relationship obtained
for the standards and coal samples in which the ASTM percent
organic sulfur values were plotted against the normalized
sulfur-count values.

The SEM/EDX measurements of the petrole-

um coke organic sulfur concentrations ranged from 0.62 to
4.78% with standard deviations in the range of 0.02 to 0.24%
and correlated favorably with the ASTM determined values.
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Figure 4. Comparison of ASTM and SEM/EDX Organic Sulfur Analyses
of Standard and Coal Samples.
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The percent standard deviation is defined as
(standard deviation in counts)
x (corresponding organic sulfur percentage)
(normalized mean count value)
The SEM/EDX organic sulfur levels of the two sets of coal
samples ranged from 0.54 to 2.21% with standard deviations
of 0.02 to 0.43%.

Table 5 lists for all standards and coal

samples, the SEM/EDX determined bulk organic sulfur percentages by weight with their corresponding standard deviations
and the ASTM determined organic sulfur values.

The SEM/EDX

organic sulfur values exhibit good correlation to the ASTM
values except for sample PSOC 1020.

This significant devi-

ation from the ASTM value may reflect the inaccuracy of the
Figures 5, 6, and 7 compare the SEM/EDX

indirect ASTM method.

organic sulfur values with 95% confidence intervals to the
ASTM determined values for the standards, PSOC, and KCER
samples, respectively.
Figure 8 illustrates the variation in percent relative
error (where percent relative error = standard deviation/mean
value x 100%) with the organic sulfur concentrations as
determined by the SEM technique for the standards and the
samples.

The standard RM-133 exhibits the most uniformly

disteibuted organic sulfur content of the standards, setting
an upper limit to the deviation attributable to the technique.
On the other hand, RN-1814 is the least homogeneous standard
with a relative error of 15%.

In general, the coal samples

contain less homogeneously distributed organic sulfur than
the standards as was expected due to the greater complexity
of coal composition.

The higher organic sulfur coals tended
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TABLE 5
ASTM AND SEM/EDX ORGANIC SULFUR DETERMINATION OF
STANDARDS AND COAL SAMPLES

Standard/
Sample

ASTM
Organic Sulfur
(dry, wt;)

SEM/EDX
Organic Sulfur (dry, wt%)
at 95% confidence level

RM-181

1.46

1.59 (+ 0.13)%

RM-182

4.80

4.78 (+ 0.22)%

RM-183

2.46

2.52 (+ 0.07)%

R1-184

1.58

1.61 (+ 0.24)

LECO
Part #501-959

1.86

1.75 (+ 0.09)%

SRC-I
Residue

0.65

0.62 (+ 0.02)%

PSOC 1012

0.94

0.77 (+ 0.09)%

PSOC 1013

0.84

0.86 (+ 0.13)%

PSOC 1014

0.42

0.55 (+ 0.05)/

PSOC 1015

0.54

0.55 (+ 0.02)%

PSOC 1018

1.59

1.50 (+ 0.20)%

PSOC 1019

1.44

1.58 (+ 0.26)%

PSOC 1020

0.09

0.48 (+ 0.04)%

KCER 9416

1.91

1.90 (+ 0.43)%

KCER 9419

1.72

1.52 (+ 0.26)%

KCER 8055

0.59

0.81 (4- 0- 18)%

KCER 9335

2.05

2.21 (4- 0.33)5

KCER 7708

0.50

0.66 (+ 0.00)%

KCER 7701

0.65

0.70 (+ 0.04)%

KCER 7707

0.62

0.65 (+ 0.06)%

KCER 9121

1.93

1.76 (+ 0.21)%

KCER 9127

1.35

1.35 (+ 0.14)%
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to exhibit greater fluctuations of detected sulfur counts
from point to point than did the lower organic sulfur coals.
This fluctuation may be due to the fact that, numerically, a
larger standard deviation is possible for larger mean sulfur
values.
The organic sulfur values derived by the SEM method are
reported on a dry weight percent basis.
dry values were used for comparison.

The appropriate ASTM

(14)
Raymond and Gooley

(15)
and Straszhe1m
indicated that the values obtained from
their electron microanalyses be considered on a dry miner ...matter free basis since they deliberately avoided the inclusion
of mineral matter in their organic sulfur measurements.

The

SEM/EDX procedure also avoided including mineral matter in the
analyses.

However, an adjustment of the initial SEM/EDX sul-

fur values to convert from a dry mineral matter free to a dry
basis causes all of the percentages to be systematically low
when compared to the ASTM dry values.

An explanation of this

bias error could be that X-rays of lower energy than sulfur
X-rays, such as those emitted from carbon and oxygen atoms,
are being generated by absorbing energy from the sulfur X-rays.
Sulfur X-ray absorption would result in a decrease in the accumulated sulfur counts measured by the EDX and, thus, an
underestimation of the organic sulfur level.

It appears that

the mineral matter acts, perhaps empirically, as a correction
factor to compensate for this loss of detected sulfur X-rays.
More study is required to properly address this question.

Li 2
Determination of Organic Sulfur in Specific Macerals
Coal samples from western Kentucky and southern Indiana
were analyzed to determine the micro-variation in organic
sulfur content between the macerals vitrinite (telocollinite)
(20)
and pseudovitrinite (as defined by Thompson and Benedict
).
The organic sulfur values for vitrinite were obtained by
collecting spectral data at randomly chosen spots on banded
vitrinite particles.

The pseudovitrinite sulfur counts were

collected from clean pieces of pseudovitrinite.

Microscopi-

cally, pseudovitrinite can be distinguished from vitrinite
primarily on its relatively brighter appearance.

Other im-

portant characteristic features useful for identifying
pseudovitrinite include slit-like openings (possibly devolatilization cracks), remnant cellular structures (telinite),
apparent brittleness (atypical fracture patterns), and the
absence of

pyrite.(20)

Figure 9 is a micrograph illustrating

particles representative of the banded vitrinite and pseudovitrinite macerals examined.

Photomicrographs of this type

were used to identify and catalog particles for subsequent
microanalysis.
The results of the study show that, based on the average
of a number of analyses, there is a higher organic sulfur
level in vitrinite (telocollinite) than in pseudovitrinite.
Table J lists the percentages and standard deviations obtained
at a 95Z confidence level.

The graph in Figure 10 illustrates

the relationship of the ratio of organic sulfur in banded
vitrinite to that in pseudovitrinite as a function of bulk
organic sulfur content as determined by SEM/EDX analysis.

Figure 9. Micrograph illustrating particles representative of the coal macerals examined by SEM/EDX
organic sulfur analyses: a) banded vitrinite,
b) pseudovitrinite.
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TABLE 6
SEM/EDX ORGANIC SULFUR ANALYSES
OF SPECIFIC MACERALS OF KCER COAL SAMPLES

Sample

ASTM
Organic Sulfur
(dry, wt%)

SEM/EDX
Organic Sulfur (dry, wt%)
at 95% confidence level
Vitrinite
Pseudovitrinite

KCER 7707

0.62

0.65 (+ 0.06)%

0.62 (+ 0.03)%

KCER 7708

0.80

0.66 (+ 0.06)%

0.66 (+ 0.38)%

KCER 7701

0.65

0.70 (+ 0.04)%

0.70 (+ 0.04)%

KCER 8055

0.59

0.81 (+ 0.13)%

0.67 (+ 0.07)%

KCER 9127

1.35

1.35 (+ 0.14)%

1.19 (+ 0.17)%

KCER 9419

1.72

1.52 (+ 0.26).%

1.34 (+ 0.13)%

KCER 9121

1.93

1.76 (+ 0.21)t

1.47 (+ 0.17)%

KCER 9418

1.91

1.90 (+ 0.43)%

1.71 (+ 0.36)%

KCER 9335

2.05

2.21 (+ 0.33)%

1.79 (+ 0.26)%

1.31
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The ratios are all slightly greater than one and do not show
any significant deviation with changes in bulk organic sulfur levels.
nue,n- of

This 1-..2, 1atlDr:Thip

vitrinite and pseudovitrinite was consistent with results
(21)
reported by Raymond
on coals from several states (not
including Kentucky or Indiana).

This work expands the geo-

graphic range of coals examined and demonstrates that this
relationship is present in bituminous coals from a wide
geographic area of bituminous coals.
It has been suggested that the sulfur levels in coal
are indicative of the environment in which the coal was
(22,23)
formed.

Based on studies of existing peat formations,

,(23)
report that organic sulfur emplaceDavies and Raymond
ment will be low if peat deposition takes place in a
freshwater environment and high if a marine environment is
present.

Pyritic sulfur levels depend on the availability

Li6
of iron in the depositional environment.

After peat deposi-

tion, but before coalification, the organic sulfur level can
increase if marine waters permeate a peat deposit.
sulfur may also increase if iron is available.

Pyritic

Thus, SEM/EDX

analysis presents the potential of characterizing the depositional environments of cross-sectional samples of coal seams.

Gieseler Piastometry Residues
The data collected from the coal residues indicate a
sharp decrease in the bulk organic sulfur content after
Gieseler plastometry runs.

This decrease is the result of

gaseous sulfur emissions, possibly given off in the form of
H S during the heating process.
2

Plasticity is determined by

measuring the maximum number of rotations per unit time made
by a rabble arm against a constant torque as a five gram
sample of 40 mesh coal is heated in a crucible submerged in
a solder bath.

The units are referred to as dial divisions

(24)
per minute or ddpm.

Figure 11 is a schematic of the

Gieseler retort assembly as specified by ASTM standards.
Plastometry coal residues, or semicokes, from plasticity
extremes were examined by the SEM technique.

Five of the

nine samples tested were in the low plasticity range
(i.e., maximum fluidity <615 ddpm).

The remaining four

samples were in the high plasticity range with three of these
coals exhibiting projected maximum fluidities greater tnan
1.5 million ddpm.

Table 7 lists the SEM/EDX determined

organic sulfur contents of the coal residues and the maximum
percent decrease in the organic sulfur of the raw coals.
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TABLE 7
SEM/EDX ORGANIC SULFUR DETERMINATIONS OF KCER PLASTOMETER SEMICOKES

Sample

Maximum Projected
Fluidity, (ddpm)

SEM/EDX
Organic Sulfur (dry, wt%)
at 95% confidence level
Minimum Flow
::aximum Flow

SEM/EDX
Organic Sulfur
(dry, wt%)
Raw Coal

Maximum
% Decrease

KCER 8055

32.3

0.61

0.58

J.81

28.4

KCER 7707

46.0

0.57

0.60

0.65

12.3

KCER 7701

410.0

0.50

0.55

0.70

26.6

KCER 7708

590.0

0.50

0.60

0.67

16.4

K ER 9419

615.0

1.16

1.22

1.52

23.7

KCER 9418

64980.0

1.33

1.90

30.0

KCER 9335

1510000.0

1.41

2.21

36.2

KCER 9121

1540000.0

1.23

1.76

30.1

KCER 9127

2610000.0

0.89

1.35

34.1

(25)Lloyd et al.
analysis not performed

a
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The highly plastic coal residues contain very few particles which did not exhibit fluidity.

For these semicokes,

fifteen random points of analysis were taken to arrive at
the SEM/EDX organic sulfur measurement.

The coal residues

of low plasticity contain numerous particles which appear to
have experienced little or no flow during the Gieseler process.

These particles appear to have retained their shape

as evidenced by angular edges and little or no fusion to
neighboring particles.
minimum flow.

Figure 12 illustrates particles of

Micrographs of this type were used for identi-

fying particles of interest for SEM/EDX examination.

The

organic sulfur content of the minimum flow regions is slightly
higher than of the areas of maximum flow.
One explanation of this trend could be that the organic
sulfur content consists of a high percentage of thiophene
rings in the particles of minimum fluidity.

The aromatic

rings are less volatile than the other common, saturated
forms of organic sulfur (e.g. mercaptan, sulfide, and disulfide).

This explanation may also apply to coals as a whole.

The graph in Figure 13 indicates that after Oieseler plastometry runs there appears, in general, to be a greater percent
decrease in organic sulfur for coals with a higher initial
organic sulfur content.

Perhaps there is a higher percentage

of the less volatile thiophene rings in the coals with a low
Initial organic sulfur content, thus, these coals exhibit a
lower maximum fluidity.
It is possible that the particles exhibiting maximum
fluidity in the micro-studies could have originally contained

ure 12. Micrograph illustrating regions of different
fluidities in Gieseler plastometry residues
examined by SEM/EDX organic sulfur analysis:
a) maximum flow, b) minimum flow.
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higher organic sulfur, promoting the tendency to flow and
devolatilize upon heating.

This would suggest a correlation

between the organic sulfur content and thermoplastic properties.

A correlation of this type has been suggested by

(26)
(27)
Ignasiak
and Yarzab et al.

Coals with similar petro-

graphic characteristics and rank exhibit a greater tendency
to undergo coke formation (exhibiting high plasticity) upon
heating as the organic sulfur level increases.

A study done

(28)
by Senftle and Davis
of high volatile bituminous coals
of the Lower Kittaning seam supports these suggestions.

For

coals of a given vitrinite reflectance, the degree of plasticity measured was generally higher for coals with higher
organic sulfur contents.

Cole and Williams'(29) study of

the high volatile bituminous Manchester coal from eastern
Kentucky demonstrated similar trends.

In general, plasticity

was high only for the coals with a high organic sulfur content.
The set of nine coals listed in Table 7 also indicate that
the organic sulfur is a parameter affecting coke formation.
Figure 14 illustrates a general trend to higher maximum
fluidities as percent organic sulfur increases.

The log of

plasticity was plotted due to the wide range of values.
However, organic sulfur is only one of several parameters
determining the thermoplastic properties of coal and a simple
correlation between organic sulfur concentration and plasticity was not found.
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Gieseler Plastometer Residues-Timed Runs
To further examine the relationship between plasticity
and organic sulfur content, timed residues from Gieseler
plastometry runs were analyzed by the SEM/EDX method.
Residues resulting from 10 minute and 30 minute plastometry
runs were mounted in epoxy as small coke "buttons" and prepared for analysis in the same manner as the standards and
coal samples.

Due to time constraints, timed residues from

only two coals were studied, one coal from each of the plasticity extremes.

Coal KCER 3355 represented the low plasticity

range and KCER 9335 represented high plasticity.
Initially, the polished samples were previewed using
oil-immersion reflected light microscopy in order to identify
the type of particles which become fluid first.

The highly

plastic residues (KCER 9335) exhibited a large amount of
fluidity at both times.

It was not possible to identify

original maceral types for these residues.

Spectral data was

collected in the minimum and maximum flow regions of the 10
minute and 30 minute residues.

On the other hand, the

slightly plastic residues (KCER 305') exhibited a relatively
gradual increase with time in the number of fluid particles.
There appeared to be no flow in the 10 minute residue.

By

30 minutes there was some flow with all the particles exhibiting fusion to other particles while, in general, the particles
still retained some angular edges.

It appeared that particles

of banded vitrinite were significantly more susceptible to
fluidity than particles of pseudovitrinite.

Thompson and

Benedict(2°) also reported that pseudovitrinite is poorly

TABLE 8

SEM/EDX ORGANIC SULFUR DETERMINATION
OF TIMED GIESELER PLASTOMETRY RESIDUES

KCER Sample
8055

9335

Time(run)

Minimum
Flow

10
30
Full
10
30
Full

reactive in the coking process.

0.70
0.77
0.58
1.89
1.63

Maximum
Flow
0.74
0.74
0.61
2.11
1.52
1.41

Raw
0.81

2.21

They believe this is due to

the manner in which pseudovitrinite was formed (they suggest
partial oxidation during the peat stage as a mechanism).
Spectral data wcrocollected from banded vitrinite particles
(labelled maximum flow) and from particles of pseudovitrinite
(labelled minimum flow).
The organic sulfur values obtained by SEM/EDX microanalysis of the timed residues are summarized in Table 8
along with the organic sulfur content of the raw coals.

in

both cases the particles which ultimately exhibited the
higher fluidity began with the higher organic sulfur content
as shown by the 10 minute residues.

For KCER 8055, these

reactive particles were identified as banded vitrinite.

Tne

10 minute residue from KCER 9335 was too homogeneous to
differentiate between maceral types.

As previously determined,

banded vitrinite contains a greater amount of organic sulfur
than the less reactive pseuaovitrinite particles.

These

observations support the suggestion that the more reactive
particles in the coking process contained the higher original
organic sulfur content which promoted the tendency to flow
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upon heating.

It Is interestirm to note that in the residues

from K:ER 9335 the organic sulfur level drops off significantly
faster with time in tne maximum flow regions than in the minimum flow regions.

Further study involving more residues

from different coals and perhaps from smaller time increments is required in order to draw any definite conclusions
concerning rates of sulfur loss in the different vitrinite
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CONCLUSIONS AND RECOMMENDATIONS

A method for non-matrix corrected quantitative organic
sulfur analysis by energy dispersive X-ray spectroscopy has
been developed using petroleum coke standards.

A number of

well characterized low to high volatile bituminous coals
were subject to the SEM/EDX organic sulfur analysis,and
these analyses compared favorably to corresponding ASTM
values.

The direct technique yields quantitative organic

sulfur levels in coal without many of the drawbacks commonly
associated with the inairect ASTM method.

The direct ana-

lytical technique was applied to measure variations of
organic sulfur on a microscopic as well as a bulk level.
1. The SEM/EDX analysis for the determination of
organic sulfur in coal is a nondestruct1veand
rapid (analysis time of approximately 30 minutes
per sample) analytical technique which uses
small samples and can be used to obtain organic
sulfur values which exhibit good correlation
with ASTM determined values.

This method was

found to be applicable to coals with a wide
range of total and pyritic sulfur content.
2. The results of this work indicate that non-matrix
corrected EDX microanalysis is capable of producing precise quantitative measurements of
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organic sulfur in coal which are comparable to
the values obtainea by ZAF matrix correcteu
electron beam microanalysis.

The elimination

of the ZAF matrix correction program simplifies
the procedure and reduces the analysis time.
. Results from a series of high volatile bituminous coals show that the maceral vitrinite
consistently contains a higher percentage of
organic sulfur than the maceral pseudovitrinite.
In addition, the ratio of these two sulfur
values does not significantly deviate over a
wide range in bulk organic sulfur content.

This

work demonstrates the applicability of the
SEWEDX technique to the measurement of microvariations in organic sulfur levels between
different macerals of coal.

This capability

may be useful, for example, to the development
of depositional environment profiles of crosssectional samples of coal seams.
4. The analysis of semicokes from Gieseler plastometry runs indicates that the organic sulfur
level may be a parameter affecting the thermoplastic properties of coal.

It has been shown

that SEW= microanalysis may be used to
examine the variation in organic sulfur content
between regions of different fluidities in
plastometry residues.

Areas of maximum fluidity

were found to contain a lower organic sulfur
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concentration than regions of minimum flow.
These results demonstrates that SEM/EDX analysis
could be useful for studying the microcharacteristics of the plasticity process.
The direct SEM technique proves to be very useful in
evaluating organic sulfur levels in coal, finding application in both bulk and microscopic analysis.

Although a wide

range in total and pyritic sulfur contents was represented
in the study, a narrow rank range (low to high volatile
bituminous) was examined.

An area for further study could

involve determining the applicability of the SEM method to
measuring organic sulfur in coals of more diverse rank.

The

use of SEM/EDX analysis for measuring micro-variations of
organic sulfur in Gieseler plastometry residues from timed
runs was limited due to time constraints.

Further examina-

tion of residues from several different coals involving a
number of time increments for each coal could result in a
more clear definition of the role organic sulfur plays in
the plasticity process.
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